Concrete plinths are commonly used by engineers as a base for vibratory building services machines. However, it is not clear what effects they have on the structure-borne sound power transmission and the eigenfrequencies of floors. In this paper, the modal functions, eigenfrequencies, and mobility expression of a floor with a concrete plinth attached are deduced. The power transmissibility method is used to analyze the effect of a concrete plinth on the power transmissibility that is used to assess the performance of vibration isolation. It is found that the effect of a concrete plinth is mainly to decrease the eigenfrequencies of the floor, and changing the thickness of the concrete plinth has a greater effect on the eigenfrequencies of the floor and the power transmissibility than does changing the area of the concrete plinth. An estimated equation for power transmissibility is formulated.
INTRODUCTION
Concrete plinths are commonly used by engineers as a base for vibratory building services machines to prevent the ingress of water into the machines. However, it is not clear what effect they have on the performance of vibration isolation or on the structure-borne sound power transmitted from the machines to the floor. In this paper, the effect of a concrete plinth on structure-borne sound power transmission will be investigated numerically.
In general, a concrete floor can be regarded as a concrete plate. A concrete plinth placed on a floor can more simply be seen as a distributed mass load placed on a plate. Cha studied the effect of a concentrated mass mounted on a simply supported homogeneous plate [1] . In his work, an assumed-modes method was used to determine the solutions of the vibration function of a plate with a concentrated mass load. The results of his simulations suggested that his method was accurate and acceptable for a concentrated mass mounted on a simply supported homogeneous plate. On the basis of Cha's work, Kopmaz and Wong discussed the effect of a distributed mass mounted on a simply supported homogeneous plate [2] [3] . Their results indicated that the eigenfrequencies of the plate carrying a distributed mass and the modal shapes changed.
Based on the concept of effective mobility [4], Mak et al. derived the power transmissibility method to assess the vibration isolation performance of vibratory machines [5] . This method is different from the traditional force transmissibility method commonly used in the building services industry. It is based on the overall structure-borne sound power transmitted from vibratory machines to a concrete floor and has included the effect of the dynamic characteristics of the floor structure [6] [7] . Tao and Mak later discussed the effect of the damping of the isolators on vibration isolation in the power transmissibility method [8] . Recently, Yun and Mak [9] have used the level of power transmissibility and indicated that the use of an inertia block does not affect the performance of vibration isolation.
In this paper, based on the assumed-modes method mentioned previously, the effect of the distributed mass load on the vibration modes of an inhomogeneous plate with different boundary conditions will be discussed. By treating a concrete plinth mounted on a floor as a distributed mass loaded on a plate, the floor mobility expression will be deduced. Using the power transmissibility method, the effect of a concrete plinth on the structure borne-sound transmission and the vibration isolation performance of the isolators for the vibratory machine will be discussed.
THEORY 2.1. Solution of the modal function
Consider the system shown in Fig. 1 : the width, length, and thickness of the concrete floor plate are a, b, and h respectively. Assume that the floor plate is isotropic. A distributed mass (a concrete plinth) with dimensions c and d is located on the plate, as shown in Fig. 1 . The corner of the mass closest to the origin is at point (x 0 , z 0 ). It is assumed here that the concrete plinth does not prevent the bending of the floor plate segment on which it is located. It is therefore possible to obtain the natural frequencies of the floor plate on which the concrete plinth is located. Under these circumstances, the modal function is obtained as follows [2, 10]:
(1)
where L[ ] represents a differential operator that for homogeneous thin plates corresponds to the double Laplace operator, w denotes the angular frequency, m′′ denotes the mass per unit area of the plate, M ෆ is the concrete plinth per unit area of the attached mass, v(x,z) is the phasor of velocity, and the function H is the following Heaviside function:
(2) and is defined as:
To apply the Galerkin discretization procedure to eqn. (1), the true solution of it is approximated with eqn. (4):
where j n (x, z) are the eigenfunctions of the floor plate without the attached concrete plinth mass, and they should obey the following orthogonal relationship: 
where is the hth eigenfrequency and and can be expressed as follows:
Transforming eqn. (7) into matrix form gives (10) where , , and can be expressed as follows:
, ,
Finding the eigenvalues , where K is the number of eigenfunctions and eigenvectors [q k ] of [C N ], and ignoring negative and imaginary terms of eigenvalues and the corresponding eigenvectors, one can obtain the eigenfrequencies w k and eigenfunctions V k (x, z) of eqn. (1) as follows: 
Floor mobility
The general two-dimensional motion equation of a floor with a concrete plinth attached is given by [2]:
where p(x, z) represents the phasor of the exciting pressure. If one expresses an arbitrary solution, v(x, z), of the inhomogeneous equation eqn. (14) as a sum of the eigenfunctions described in section 2.1, by setting (15) where [x K ] and [V K (x, z)] can be defined as 
Putting eqn. (13) into eqn. (25) gives
Finally, the floor mobility can be approximated as follows:
If one introduces the loss factor to characterize the damping, one may rewrite eqn. where . The rectangular steel machine is shown in Fig. 2 , a 2 is a constant depending on the shape of the vibratory machine. 
where , M is the concrete plinth of the equipment, and k is the axial stiffness of the isolators. The source vibratory force F 0 is considered to be unchanged. In order to show the effect of the installation of a vibration isolator on structureborne sound power transmission, the power transmissibility, g, is defined as follows:
By considering the damping effect of vibration isolators, the damped power transmissibility is expressed as follows:
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ANALYSIS
The concrete floor plate, the concrete plinth, and the vibratory machine system are shown in Fig. 2 . The physical parameters of the square floor are: density r = 2.8×10 3 kg/m 3 , Young's modulus E = 2.1×10 10 N/m 2 , loss factor h = 2×10 -2 , and Poisson's Ratio h = 0.2. The geometrical dimensions of the square floor are length a = 3.5m, width b = 3.5m, and thickness r = 0.24m. The density of the distributed concrete plinth is the same as that of the floor, r M = 2.8×10 3 kg/m 3 . The mesh space is dx = dz = 0.35m, and the parameters of source mobility in Fig. 2 are: L = 1.485m, l = 1.185m, and H = 0.32m; steel density r s = 7.85×10 3 kg/m 3 ; the natural frequency is 15 Hz; the machine M = 2000kg; and the damping ratio z = 0.1. It is supposed that the boundary conditions at all edges of the floor plate are simply supported.
Effect of different thicknesses of the distributed concrete plinth on the eigenfrequency of the floor and the concrete plinth, and the power transmissibility
In the first case, the length of the concrete plinth, c, is 1.4 m and its width, d, is 1.4 m. The thickness, h, is changed in the simulations. The eigenfrequencies of the floor and the concrete plinth change with the thickness of the concrete plinth, as shown in Fig. 3(a) for vibratory equipment with a symmetrically placed concrete plinth and Fig. 3(b) for vibratory equipment with an asymmetrically placed concrete plinth. It can be seen that the eigenfrequencies of the floor and the concrete plinth decrease with increasing thickness of the concrete plinth. In addition, the offset of the eigenfrequency of the floor and the concrete plinth with respect to that of the floor without the concrete plinth increases with increasing modal number. Fig. 4 shows the results of the power transmissibility for different thicknesses of the concrete plinth. It can be seen that the power transmissibility does not change much either with or without the concrete plinth at a frequency ratio of 1 to 2. This means that the performance of the vibration isolators is mainly determined by the vibratory machine and the vibration isolators before the first eigenfrequency of the floor and the concrete plinth. In addition, it is very clear in the figure that the shifting of the first prominent gap of the power transmissibility curves from the right to the left as the thickness of the concrete plinth increases from 0 (corresponds to no concrete plinth) to 0.4 m at a frequency ratio greater than 2. This means that at a frequency ratio greater than 2, the use of the concrete plinth causes the 
Effect of different areas of the distributed concrete plinth on the eigenfrequency of the floor and the concrete plinth, and the power transmissibility
In the second case, the thickness of the distributed concrete plinth, h, is 0.1 m and its density, r M , is 2.8×10 3 kg/m 3 . The area is changed in the simulations. The eigenfrequencies of the floor and the concrete plinth change with the area of the concrete plinth, as shown in Fig. 5(a) for vibratory equipment with a symmetrically placed concrete plinth and Fig. 5(b Fig. 5(a) and (b) that the eigenfrequencies of the floor and the concrete plinth generally decrease with increasing area of the concrete plinth or modal number. However, Fig. 5(a) shows that the eigenfrequencies do not change much when the area of the concrete plinth increases up to 11.56 m 2 That is, there is an overlapping of the curves for the area of the concrete plinth of 11.56 m 2 and 19.35 m 2 .
Fig.5
The eigenfrequency offset of the floor plate with a concrete plinth of different areas compared to that without a concrete plinth: (a) the concrete plinth symmetrically placed; (b) the concrete plinth asymmetrically placed
The Effect of a Concrete Plinth on Structure-Borne Sound Power Transmission: Theory and Numeric Simulations Fig. 6 shows the results of the power transmissibility for different areas of the concrete plinth. By comparing Fig. 3 and Fig. 5 , one can see that the effect of the thickness of the concrete plinth on the eigenfrequencies of the floor is more significant than that of the area of the concrete plinth. Therefore, it can be seen from Fig. 4 and Fig. 6 that the effect of the thickness of the concrete plinth on the power transmissibility is more significant than that of the area of the concrete plinth. 
Discussion
The floor plate and the distributed concrete plinth system can be imagined as a spring and mass system. The eigenfrequency of this single degree of freedom system (SDOF) is given by (35) where f n is the eigenfrequency, K is the stiffness coefficient, and M is the mass. From this equation, one can obtain the explanation of the results of the simulations in section 3.1; that is, the thicker the concrete plinth, the larger the mass will be and in turn the lower the eigenfrequency of the system will be. However, the increase in the area of the concrete plinth will cause an increase in the mass and the stiffness at the same time. As a result, the eigenfrequency of the system will not decrease as much as when the thickness of the concrete plinth increases. Transform eqn. (10) into eqn. (36) as follows:
From this equation, one can see that the angular eigenfrequencies, w k , should satisfy the function as follows:
The matrixes in this equation are all diagonal matrixes except . If the matrix can be judged as a diagonal matrix by neglecting the non-diagonal elements in it, the angular eigenfrequencies, , can be found by a simpler expression. This expression will not give an inaccurate result of , which is the smallest (first) angular eigenfrequency of the floor with a concrete plinth attached. The estimated expression of is as follows:
where w Ns is the smallest (first) angular eigenfrequency of the floor without a concrete plinth attached, and and are the elements in the matrixes and corresponding to w Ns . Then, and should satisfy eqn. (39) as follows:
The estimated value and the accurate value of the first eigenfrequency of the floor plate and the concrete plinth system are obtained from eqn. (38) and eqn. (37) respectively. The simulation results are shown in Fig. 7 . In this figure, one can see that the frequency error between the estimated value and the accurate value of the The Effect of a Concrete Plinth on Structure-Borne Sound Power Transmission: Theory and Numeric Simulations first eigenfrequency of the floor and the concrete plinth system will not be larger than 1 Hz as long as the thickness of the concrete plinth does not exceed 0.18 m, and the frequency error will always be smaller than 1 Hz if the area of the concrete plinth is not smaller than 1.96 m 2 . This simulation indicates that eqn. (38) is acceptable in most situations for building services applications.
Fig.7
Frequency errors between the estimated values (obtained from eqn. (38)) and the accurate value (obtained from eqn. (37) of the first eigenfrequency of the plate and concrete plinth system) change with the thickness or area of the concrete plinth.
With the support of the results from the simulations, a simpler expression of the power transmissibility in the low frequency range before the second eigenfrequency of the floor with a concrete plinth attached can be given as follows:
If w ≤ w n : 
where floor mobility Y r is the mobility of the floor without a concrete plinth attached, which can be expressed as
where and are respectively the angular eigenfrequency and modal shape of the floor without a concrete plinth attached.
CONCLUSION
To estimate the effect of a distributed concrete plinth on the power transmissibility, the solutions of the general modal function of a floor with a concrete plinth attached are deduced. The floor mobility expression is calculated from the results of these solutions. The expression of the power transmissibility of the vibratory machine is then obtained.
In the analysis, the effect of changing the thickness and the area of the concrete plinth on the eigenfrequency of the floor and the power transmissibility has been discussed for cases where a concrete plinth is symmetrically placed and asymmetrically placed on the floor. A function to estimate the smallest eigenfrequency of the floor plate and the concrete plinth system has been extracted The Effect of a Concrete Plinth on Structure-Borne Sound Power Transmission: Theory and Numeric Simulations from eqn. (35), and the accuracy of the estimating function has been found that the frequency error will not be larger than 1 Hz, as long as the thickness of the concrete plinth does not exceed 0.18 m. The following conclusions can therefore be drawn: (1) The effect of a concrete plinth is mainly to decrease the eigenfrequencies of the floor. (2) Changing the thickness of the concrete plinth has a larger effect on the eigenfrequencies of the floor and the power transmissibility than does changing the area of the concrete plinth.
(3) If one can find the smallest eigenfrequency of the floor without a concrete plinth attached, the smallest eigenfrequency of the floor with a concrete plinth attached can be estimated by eqn. (37). The power transmissibility curve of the floor, the concrete plinth, and the vibratory machine system can be corrected by subtracting the power transmissibility curve of the floor and the vibratory machine system by about times at around the first eigenfrequency of the floor.
